The eIF4E-binding protein (4E-BP) is a phosphorylation-dependent regulator of protein synthesis. The nonphosphorylated or minimally phosphorylated form binds translation initiation factor 4E (eIF4E), preventing binding of eIF4G and the recruitment of the small ribosomal subunit. Signaling events stimulate serial phosphorylation of 4E-BP, primarily by mammalian target of rapamycin complex 1 (mTORC1) at residues T 37 /T 46 , followed by T 70 and S 65 . Hyperphosphorylated 4E-BP dissociates from eIF4E, allowing eIF4E to interact with eIF4G and translation initiation to resume. Because overexpression of eIF4E is linked to cellular transformation, 4E-BP is a tumor suppressor, and up-regulation of its activity is a goal of interest for cancer therapy. A recently discovered small molecule, eIF4E/eIF4G interaction inhibitor 1 (4EGI-1), disrupts the eIF4E/eIF4G interaction and promotes binding of 4E-BP1 to eIF4E. Structures of 14-to 16-residue 4E-BP fragments bound to eIF4E contain the eIF4E consensus binding motif, 54 YXXXXLΦ 60 (motif 1) but lack known phosphorylation sites. We report here a 2.1-Å crystal structure of mouse eIF4E in complex with m 7 GTP and with a fragment of human 4E-BP1, extended C-terminally from the consensus-binding motif (4E-BP1 50-84 ). The extension, which includes a proline-turn-helix segment (motif 2) followed by a loop of irregular structure, reveals the location of two phosphorylation sites (S 65 and T 70 ). Our major finding is that the C-terminal extension (motif 3) is critical to 4E-BP1-mediated cell cycle arrest and that it partially overlaps with the binding site of 4EGI-1. The binding of 4E-BP1 and 4EGI-1 to eIF4E is therefore not mutually exclusive, and both ligands contribute to shift the equilibrium toward the inhibition of translation initiation.
GpppN cap via the translation initiation complex 4F (eIF4F) (3), which comprises a cap-binding protein, eIF4E, a DEAD-Box RNA helicase, eIF4A, and a large scaffold protein, eIF4G. The scaffold protein eIF4G interacts with eIF4E through a consensus motif, YXXXXLΦ, where X is any amino acid and Φ is a hydrophobic residue. This motif is also shared by eIF4E binding proteins (4E-BPs). The interaction between eIF4E and 4E-BP is phosphorylationdependent (4) (5) (6) (7) (8) . When hypophosphorylated, 4E-BP binds tightly to eIF4E. Hyperphosphorylation of 4E-BP, however, decreases its affinity for eIF4E, enabling eIF4G to interact with eIF4E.
Altered regulation of translation initiation has been linked to prion formation (9) and to several human diseases, including autism (10) and cancer (11) . eIF4E is overexpressed in a variety of tumor cells (12, 13) . This overexpression has been implicated in oncogenic transformation (14, 15) , a process that 4E-BPs can effectively revert (14) (15) (16) . Mammalian target of rapamycin (mTOR) inhibitors, such as rapamycin and its analogs, exert antitumor activity by suppressing 4E-BP1's phosphorylation, thus enabling its interaction with eIF4E (17) . The ability of 4E-BPs to compete with eIF4G for eIF4E binding is explained by the shared YXXXXLΦ binding motif (18, 19) . Crystal structures of mouse eIF4E complexed with either 4E-BP1 [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] , eIF4G-I 569-580 , or eIF4G-II 621-637 , all short fragments containing the consensus-binding motif, are virtually identical (19) (20) (21) (22) . NMR spectroscopy titration experiments (23) and small angle X-ray scattering of full-length 4E-BP1 bound to eIF4E (24) suggested that 4E-BP1 has a larger binding interface on eIF4E than eIF4G. In agreement with this observation, mutagenesis analysis and affinity binding measurements showed that the C-terminal segment of 4E-BPs is auxiliary for binding to eIF4E (25, 26) . More recently, a conserved 79 PGVTS/T 83 motif found in the C terminus of 4E-BPs was shown to enhance its binding affinity to eIF4E from micromolar to nanomolar range (27, 28) , revealing that 4E-BP1 has, in fact, a bipartite binding interface with eIF4E.
Our group has identified a small-molecule inhibitor, eIF4E/ eIF4G interaction inhibitor 1 (4EGI-1), which specifically disrupts association of eIF4G-derived peptides with eIF4E but stabilizes the eIF4E/4E-BP1 interaction (29) . 4EGI-1 is of Significance Translation initiation governs many cellular processes, including cell proliferation, growth, and development. Central to this process is the translation initiation factor 4E (eIF4E), which recruits the small ribosomal subunit to the 5′ end of the mRNA through its interaction with the scaffold protein eIF4G. The eIF4E/eIF4G interaction is highly regulated by competitive binding of 4E-binding proteins (4E-BPs), which are at a convergence point of signaling pathways and act as tumor suppressors. The recently discovered eIF4E/eIF4G interaction inhibitor 1 (4EGI-1) dissociates eIF4G but enhances 4E-BP1 binding and has antitumor activity. Here, we elucidate the mechanism for the dual activity of 4EGI-1-it dissociates eIF4G from eIF4E but stabilizes the binding of 4E-BP1. particular interest because it inhibits cap-dependent translation, is active against numerous cancer cell lines, and reduces growth of human cancer xenografts in vivo (29) (30) (31) . Its effect is partially explained by the recent crystal structure of an eIF4E/4EGI-1 complex, in which the inhibitor binds to a site located remotely from the YXXXXLΦ binding interface, suggesting that it allosterically represses translation initiation (32) . However, the mechanism by which 4EGI-1 stabilized 4E-BP1 binding remains unclear.
In this study, we describe a crystal structure of eIF4E bound to a 35-residue fragment of 4E-BP1. This fragment comprises the consensus-binding motif and also a proline-turn-helix segment containing two phosphorylation sites (S 65 and T 70 ) followed by a loop of irregular structure. We find that the C-terminal loop of 4E-BP1 partially overlaps with the binding site of 4EGI-1, which enables us to understand the molecular mechanism through which 4EGI-1 inhibits translation initiation: by dissociating eIF4G from eIF4E but also stabilizing the interaction between eIF4E and the unphosphorylated form of 4E-BP1. We further find that the C-terminal loop of 4E-BP1 is required to inhibit cap-dependent translation and mediates cell cycle arrest in mammalian cells. 
Results
Minimal 4E-BP1 Binding Region to eIF4E. Mutagenesis and affinity measurements show that the C-terminal 4E-BP segment   79   PGVTS/T   83 contributes to eIF4E binding (25) (26) (27) (28) (Fig. 1A and Fig. S1 ). We focused on 4E-BP1 because, among the three known mammalian isoforms (4E-BP1, 4E-BP2, and 4E-BP3) (33) , it is the most abundant in human tissues and the best characterized (34) . Although the m 7 GTP cap has been used in all of the experiments described below, we do not further mention it to simplify the text. We used limited proteolysis and mass spectrometry (LC-MS/MS) on the mouse eIF4E (see Materials and Methods for a comparison between human and mouse eIF4E) complexed to human 4E-BP1 to identify segments of 4E-BP1 protected from degradation after their association with eIF4E (Fig. S2) . We identified an N-terminally truncated fragment of eIF4E (eIF4E Δ30 ), confirming that the N terminus of eIF4E is unstructured and dynamic in solution (35) . We also recovered two 4E-BP1 fragments (residues 17-118 and 44-118). We removed residues 88-118, generating 4E-BP1 , because NMR spectra of longer fragments bound to eIF4E showed poor dispersion for those nonconserved residues (Fig. S1 ). The transverse relaxation-optimized spectroscopy (TROSY)-heteronuclear single quantum correlation (HSQC) spectra of the 15 N-eIF4E/4E-BP1 complex and of the eIF4E/ 15 N-4E-BP1 were well-dispersed (Fig. S3) . 15 N NMR relaxation experiments showed that only the terminal residues 44-51 and 85-87 are dynamic in solution (Fig. 1B) . We removed residues 85-87 but kept residues 44-51 to include the T 46 phosphorylation site in the final construct (4E-BP1 ). The eIF4E Δ27 /m 7 GTP/ 4E-BP1 complex crystallized in space group P2 1 (P12 1 1) and yielded measurable diffraction to a minimum Bragg spacing of 2.1 Å. Structure of eIF4E Bound to m 7 GTP and 4E-BP1. We determined the structure by molecular replacement with the structure of an eIF4E Δ27 /m 7 GTP/4E-BP1 [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] complex (PDB ID code 1WKW) (22) as a search model, followed by iterative model building and refinement (Table S1 ). The final model has two copies of the complex in the asymmetric unit. Of the two copies, the more complete model contains eIF4E residues 33-217, 4E-BP1 residues 50-84, and m 7 GTP (rms between the two copies is 0.261 over Cα positions for 179 atoms) ( Fig. 1 C and D) . 4E-BP1 residues 44-49, including the phosphorylation site T 46 , are disordered in both copies of the complex. The structure of eIF4E is identical to those previously described, with eight antiparallel β-strands (4E β-1 to β-8), three α-helices on its dorsal side (4E α-1 to α-3), and m 7 GTP sandwiched between W 56 and W 102 (23, 35) . In addition to the previously described α-helix including the 54 
YXXXXLΦ
60 consensus motif (19) (BP α-I), 4E-BP1 contains a small 3 10 helical segment (BP α-II) and an extended hook-shaped loop ("C-terminal loop"). To validate our structure in solution, we attached S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL) spin labels at two different positions in 4E-BP1 (the native C 62 and a I 78 C mutant). We observed paramagnetic relaxation enhancements (PREs) at eIF4E resonances that were fully consistent with the crystal structure of the complex ( 4E-BP1 can be divided into three interaction motifs. Motif 1 (M1, residues T 50 to N 64 ) comprises an extended N-terminal segment followed by the BP α-I helix, which includes the 54 
60 segment ( Fig. 2A and Fig. S5 ). In our structure, the BP α-I helix is extended by two residues (C 62 and R 63 ) and flanked by two intermolecular salt bridges formed by 4E-BP1 residues R 56 and R 63 with eIF4E residues E 132 and N 77 , respectively.
The phosphorylation sites S 65 and T 70 define the borders of motif 2 (M2), which is centered on P 66 (Fig. 2B) . The latter residue terminates the BP α-I. M2 lies in a groove formed by eIF4E residues Y 34 , E 70 , N 77 , and H 78 , explaining why T 70 is phosphorylated before S 65 (5, 6) : the solvent accessibilities of their side chains are 70% and 11%, respectively, as determined using Protein Interfaces, Structures, and Assemblies (PISA) (37) . Phosphorylation of T 70 could trigger a partial structural rearrangement increasing the solvent exposure of S 65 , thus facilitating its phosphorylation. Phosphorylation of S 65 is likely to induce dissociation, because of its proximity to the negative charge on eIF4E E 70 (∼4.9 Å) (Fig. S6) .
The C-terminal loop of 4E-BP1 forms motif 3 (M3, residues P 71 to P 84 ), which is sandwiched between 4E α-1 and 4E β-2. M3 is stabilized by intramolecular hydrogen bonds involving 4E-BP1 P 72 , L 75 , I 78 , V 81 , T 82 , and S 83 (Fig. 2C ). Residues V 81 to S 83 of 4E-BP1 create a short antiparallel β-interaction with eIF4E residues H 78 to Q 80 , extended by a hydrogen bond between the backbone carbonyl of 4E-BP1 G 80 with the side chain of eIF4E Q 80 . The C-terminal loop is further stabilized by hydrophobic interactions: 4E-BP1 L 75 , I 78 , and V 81 sit in a pocket formed by eIF4E residues F 47 , I 63 , and L 75 , and the side chain of eIF4E residue H 78 stacks against 4E-BP1 P 71 (Fig. 2D ). GTP pull-down experiments showed that 4E-BP1 FL and 4E-BP1 44-87 both bound eIF4E and disrupted its interaction with eIF4G (Fig. 3A) . Although 4E-BP1 [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] bound less efficiently to eIF4E, it could still perturb the interaction between eIF4G and eIF4E. 4E-BP1 64-87 did not bind eIF4E and therefore did not disrupt the eIF4E/eIF4G interaction. To assess the activities of 4E-BP1 fragments in cultured mammalian cells, we used a dual-luciferase reporter system (29) in which the viral internal ribosome entry site (IRES) element of encephalomyocarditis virus (EMCV) is positioned between genes encoding Firefly luciferase (Fluc) and Renilla luciferase (Rluc) proteins. In this system, Fluc and Rluc expression results from cap-dependent or cap-independent translation initiation, respectively. We cotransfected HEK293 cells with the dual-reporter and with plasmids encoding various 4E-BP1 fragments described above (Fig. 3B) . As expected, 4E-BP1 FL and 4E-BP1 efficiently inhibited cap-dependent translation (35% reduction). 4E-BP1 64-87 , which did not bind eIF4E (Fig. 3A) , failed to inhibit translation initiation. Although 4E-BP1 [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] binds to eIF4E and disrupts the eIF4E/eIF4G interaction (Fig. 3A) , this fragment did not inhibit translation initiation. Thus, even though a fragment encompassing M1 can bind to eIF4E, M2 and M3 are required for full inhibition of translation initiation in cells.
Targeting the mTORC1-4E-BP1 pathway inhibits proliferation of mammalian cells (17) . We therefore used a flow cytometrybased cell cycle analysis assay to investigate whether any 4E-BP1 fragments could suppress cell cycle progression. We analyzed the DNA content of cells expressing GFP-fused 4E-BP1 fragments, gated by their level of GFP fluorescence (Fig. 3C) . Cells expressing 4E-BP1 [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] or 4E-BP1 64-87 fragments progressed through the cell cycle just like cells expressing WT GFP. Although 4E-BP1 FL reduced cell cycle progression to G2 by twofold, it did not completely arrest cells in the G1 phase as observed with 4E-BP1 44-87 fragment. 4E-BP1 44-87 lacks mTORdependent regulatory motifs [TOR signaling (TOS) and RAIP motifs] (Fig. 1A) , which are necessary for the phosphorylation of T 37 /T 46 . Phosphorylation of T 37 /T 46 induces partial folding of the N-terminal region of 4E-BP1, burying the consensus binding motif, which prevents its binding to eIF4E and exposes T 70 and S 65 for phosphorylation (38) . We infer that 4E-BP1 44-87 binds tightly to eIF4E and can be neither displaced nor hyperphosphorylated, thus inducing G1 phase cell cycle arrest. In agreement with these results, cells expressing 4E-BP1 FL T 37 A, 4E-BP1 35-87 T 37 A, or 4E-BP1 had similar G1 phase cell cycle arrest than that observed in cells expressing 4E-BP1 (Fig. S7 ).
4EGI-1 Binds to the eIF4E/m 7 GTP/4E-BP1 Complex. A recent structure describes the binding of the small translation initiation inhibitor, 4EGI-1, to eIF4E (32). 4EGI-1 promotes 4E α-1 to elongate C-terminally by half a turn. This extended helix, found in 60% of the eIF4E/4EGI-1 population, causes 4EGI-1 to allosterically displace eIF4G from eIF4E (Fig. 4A , Left and Middle). In contrast, the short antiparallel β-sheet interaction formed between 4E-BP1 M3 and 4E α-1 prevents the extension of this helix (Fig.  4A, Right) . We thus used 2D [ 1 H, 15 N] TROSY-HSQC experiments to investigate how 4EGI-1 modulates the binding of 4E-BP1 to eIF4E. Adding up to 10-fold excess of 4EGI-1 did not revert the spectrum of eIF4E/ 15 N-4E-BP1 to its free state: small, but yet significant, chemical shift perturbations were observed for the NH resonances corresponding to six residues of 4E-BP1 all located in its C-terminal loop (I 78 , G 80 , V 81 , T 82 , S 83 , S 86 ) (Fig. 4B ). This result shows that the compound is able to accommodate the C-terminal loop of 4E-BP1 without displacing the fragment of 4E-BP1 44-87 from eIF4E, indicating that 4EGI-1 binds to the 4E-BP1/eIF4E complex with the shorter α-1 helix. Overlay of the right two panels of Fig. 4A reveals only small clashes between the bromo-phenyl group of 4EGI-1 and the C-terminal loop of 4E-BP1. Furthermore, comparison of structures of different inhibitor complexes shows that this site of eIF4E is quite plastic. In contrast, 4EGI-1 caused severe peak broadening of the shorter 15 N-4E-BP1 [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] (lacking the C-terminal loop) in complex with unlabeled eIF4E (Fig. 4C) . 4EGI-1 therefore displaces a short 4E-BP1 peptide (4E-BP1 51-64 ) but not a long fragment of 4E-BP1 (4E-BP1 ) . We conducted the same 4EGI-1 titration experiments as described above, but where eIF4E is 15 N-labeled. We observed that the addition of 4EGI-1 to the 15 N-eIF4E/4E-BP1 44-87 complex resulted in minor chemical shift changes, showing that 4EGI-1 still binds to eIF4E even when the latter is associated with 4E-BP1. The addition of 4EGI-1 to the 15 N-eIF4E/4E-BP1 [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] complex (devoid of the C-terminal loop) caused severe peak broadenings in the eIF4E spectrum ( Fig. S8 A and B) . This observation is in agreement with the short 4E-BP1 fragment being displaced from eIF4E upon 4EGI-1 binding.
We also used a fluorescence-quenching assay (29) to measure the apparent equilibrium dissociation constants (K d ) for 4EGI-1 binding to eIF4E, eIF4E/4E-BP1 , and eIF4E/4E-BP1 [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Although the affinities of 4EGI-1 for eIF4E alone and for eIF4E/4E-BP1 [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] are similar (K d of ∼25 μM) (Fig. 4 D and E) , including the C-terminal loop (eIF4E/4E-BP1 44-87 ) did not significantly affect the affinity of the small molecule for the complex (K d of 24 μM) (Fig. 4F) . This result is consistent with the crystal structure of the eIF4E/4EGI-1 complex, where both the short and the extended form of 4E α-1 are present (32) . Thus, whereas the helix extension is needed for the small molecule to displace eIF4G, it is not necessary for its binding to eIF4E.
Discussion
In this study, we determined the crystal structure of eIF4E complexed with the m 7 GTP cap and with 4E-BP1 44-84. 4E-BP1 contains the consensus-binding motif 54 
YXXXXLΦ
60 but also includes a segment that forms a "hook-shape loop" structure once complexed to eIF4E. This segment contains the 78 IPGVS/ T 82 sequence, which was previously suggested to interact with a remote binding interface on eIF4E (23, (26) (27) (28) 39) . However, the atomic details of this interaction remained elusive until very recently, limiting our understanding of its contribution to the inhibition of translation initiation. As we were preparing this manuscript, the structure of an eIF4E 33-217 /m 7 GTP/4E-BP1 complex (similar to the structure described in this study) was published (36) . Both structures show that P 79 brings about a sharp turn in the C-terminal of 4E-BP1 and that 80 GVS/T 82 forms a short antiparallel β-interaction with eIF4E. More recently, this binding interface was also found in homologs of the eIF4E/4E-BP complex from Drosophila melanogaster (36, 40) , suggesting that the interaction between eIF4E and the nonconsensus motif is widespread among eIF4E binding proteins.
The binding of 4E-BP1 to eIF4E is highly regulated through phosphorylation. The residue S 65 is the last site to be phosphorylated before 4E-BP1 dissociates from eIF4E (5, 41) . The phosphorylation of S 65 causes the greatest reduction in the binding affinity to eIF4E and the most pronounced effect on the ability of 4E-BP1 to inhibit cap-dependent translation (42, 43) . In agreement with these results, our structure shows that, in M2, the side chain of S 65 is buried in a concave surface of eIF4E whereas other phosphorylation sites, such as T 70 (located at the end of M2) , are solvent-exposed. We propose that the main function of the C-terminal loop of 4E-BP1, more specifically of M3 comprising the 80 GVS/T 82 described above, is to constrain the conformation of M2, which includes S 65 and T 70 , and to maintain their side chains in the proper orientation to ensure hierarchical phosphorylation. Because M3 constitutes a second binding site on eIF4E, it also tethers the C-terminal loop of 4E-BP1 to eIF4E whereas the N terminus of 4E-BP1 gets phosphorylated over residues T 37 /T 46. The N-terminal segment of the homolog 4E-BP2 adopts a four-stranded β-domain structure when residues T 37 /T 46 are phosphorylated. This structure was suggested to sequester the helical 54 
60 motif of 4E-BP2 into a partially buried β-strand, causing dissociation from eIF4E (38) . Our structure does not contain 4E-BP1 residues T 37 /T 46 , and it is still unclear how the phosphorylation of these residues affects the successive phosphorylation of T 70 .
Our crystal structure shows that the C-terminal loop (motif 3) of 4E-BP1 and 4EGI-1 bind to a partially overlapping site on eIF4E. Using NMR experiments, we found that 4EGI-1 displaces a 4E-BP1 fragment that does not contain a C-terminal loop (Figs. 2D and 4A ). We thus concluded that the allosteric effect of 4EGI-1 is maintained (extension of 4E α-1 by half a turn and dissociation of a short 4E-BP or eIF4G peptide containing the M1 motif alone) (32) only when the short antiparallel β-interaction between eIF4E and the C-terminal loop of 4E-BP1 is not present. Consistently, the same severe peak broadening observed when 4EGI-1 was added to a 15 N-labeled eIF4E/ eIF4G-II peptide complex (32) was also observed when 4EGI-1 was added to the 15 N-eIF4E/4E-BP1 44-63 complex (Fig. S8 ). NMR and fluorescence quenching experiments also show that 4EGI-1 binds to eIF4E, even when eIF4E is complexed with a 4E-BP1 fragment containing the canonical eIF4E binding motif (M1) and the C-terminal loop of 4E-BP1 (M3). We propose that 4EGI-1 has an additive effect with 4E-BP1, where both inhibit translation initiation by allowing their respective interactions with eIF4E to be maintained.
We now understand why 4EGI-1 displaces eIF4G but enhances the binding of 4E-BP1 (29) (Fig. 5) . In the absence of 4EGI-1, both 4E-BP1 and eIF4G bind tightly to eIF4E (Fig. 5A) . Indeed, unphosphorylated 4E-BP1 and eIF4G-I have similar affinities for eIF4E (15 nM and 27 nM, respectively) (19) , and both ligands are pulled down in cap affinity binding experiments (29) . Addition of 4EGI-1 allosterically dissociates eIF4G from eIF4E but does not affect binding of 4E-BP1 (Fig. 5B ). Thus, with eIF4G being unable to bind to eIF4E, eIF4G can no longer compete with 4E-BP1-leading to the increased binding of 4E-BP1 to eIF4E. Furthermore, if 4E-BP1 dissociates from eIF4E because of its hyperphosphorylation, 4EGI-1 substitutes 4E-BP1 in preventing eIF4G from binding to eIF4E (Fig. 5C) . Thus, 4EGI-1 provides an additive tumor-suppressive activity, even if erroneously up-regulated kinase signaling pathways inactivate 4E-BP1. The insights from the structures of eIF4E bound to 4E-BP1 and the dynamically associated 4EGI-1 show the mechanism of the dual activity of the inhibitor for dissociating eIF4G and stabilizing the binding of the tumor suppressor 4E-BP1. Because of the bipartite nature of the interaction between 4E-BP1 and eIF4E, it was proposed that bipartite inhibitors should be more potent than monopartite inhibitors, such as 4EGI-1 (36) . Our data suggests that monopartite inhibitors can be very potent, as long as they do not interfere with the interaction between the C-terminal loop of 4E-BP1 and eIF4E.
The molecular mechanism we describe of an inhibitor dissociating a tumor-promoting protein (eIF4G) and stabilizing a tumor suppressor (4E-BP1) is unique. Understanding the molecular details of these effects may facilitate design of more potent inhibitors that optimize dissociation of eIF4G and stabilization of 4E-BP1 binding to eIF4E. The latter aspect was not evident from the structure of the eIF4E/4EGI-1 complex (5) alone.
Materials and Methods
Constructs and Protein Purification. We used PCR to amplify different lengths of cDNA coding for human 4E-BP1 (residues 1-118, 17-118, 35-87, 44-118,  44-87, 44-84, 44-63, 51-64 , and 64-87) and subcloned them into a pH-GB1 Escherichia coli expression vector. 4E-BP1 fragments were inserted such that they are expressed as fusion proteins with a hexahistidine, a protein G B1 domain solubility enhancement tag (GB1) (44) , and a TEV cleavage site at their N terminus, generating pH-GB1-Tev-4E-BP1 constructs. We also subcloned the above-described constructs of 4E-BP1 into a pcDNA3-eGFP [enhanced green fluorescent protein (eGFP)] mammalian expression vector using HindIII-XhoI restriction sites (Addgene plasmid 13031). This construct allowed the expression of the 4E-BP1 fragments as fusion proteins with eGFP at their C terminus (pCDNA3.1-eGFP/4E-BP1 constructs). The plasmids encoding different fragments of mouse eIF4E [full-length or Δ 27 (27 residues deleted at its N terminus)], with the addition of a GB1-tag followed by a TEV cleavage site at their N terminus (pET-GB1/TEV/eIF4E derivatives), have been described previously (32) . Human eIF4E and mouse eIF4E are nearly identical, with three residues being different: P 12 T, T 17 A, and E 174 D. Of these three differences between the mouse and human eIF4E, only residue E 174 is part of the eIF4E construct that was used to crystallize the complex of eIF4E/m 7 GTP/4E-BP1. E. coli (BL21) cells were transformed with the appropriate plasmids and grown in Luria Broth (LB) or minimal media (M9). 4E-BP1 protein expression was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside, and cells were grown at 20°C for 16 h. Cells were harvested and resuspended in a binding buffer (4E-BP1 BB) containing 20 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.8, 500 mM NaCl, 10 mM imidazole, 5 mM 2-β-mercaptoethanol, benzonase, and 0.1 mM phenylmethylsulphonyl fluoride (PMSF). Cells were lysed by sonication at 4°C and centrifuged at 38,000 × g for 40 min. The supernatant was loaded on a metal-affinity column (Ni-NTA; Qiagen) previously equilibrated with a PMSF-free 4E-BP1 BB. The Ni-NTA resin with the bound proteins was rinsed with a wash buffer (4E-BP1 WB) containing 20 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.8, 500 mM NaCl, 50 mM imidazole, and 5 mM 2-mercaptoethanol. Proteins were eluted from the resin with an elution buffer (4E-BP1 EB) containing 20 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.8, 500 mM NaCl, 200 mM imidazole, and 5 mM 2-mercaptoethanol. When required, an overnight digestion with TEV protease was used to cleave the H-GB1 tag. This tag was separated by reloading the sample onto the metal-affinity column, once diluted 10-fold against the initial 4E-BP1 BB. The eluted proteins were concentrated by ultrafiltration through a 15-mL, 3-kDa cutoff centrifuge filter to a final volume of 2 mL and further purified through a sizeexclusion chromatography using a Superdex 75 16/60 preparative column (GE Healthcare Bio-Sciences) previously equilibrated with a buffer (4E-BP1 FPLC buffer) containing 20 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.8, 150 mM NaCl, and 5 mM tris(2-carboxyethyl)phosphine (TCEP). The 4E-BP1 fragments eluted as a single peak. The corresponding fractions were pooled, concentrated, or subjected to a buffer exchange when required (see below).
Mouse eIF4E (residues 1-217 or 27-217) was expressed in E. coli and purified as previously described (32, 45) . Briefly, E. coli (BL21) cells were transformed with the appropriate pET-GB1-Tev-eIF4E expression plasmids. Cells were grown, harvested, lysed, and centrifuged (see above) with an eIF4E BB containing 20 mM Hepes, pH 7.4, 100 mM KCl, 0.005% IGEPALCA-630 (Sigma), an EDTA free protease inhibitor tablet, and benzonase. The supernatant was loaded on an adipic-agarose-m 7 GDP column (45) previously equilibrated with the same eIF4E BB. The adipic-agarose-m 7 GDP resin was then rinsed once with the eIF4E BB, and then with the same buffer supplemented with 0.1 mM GDP (eIF4E WB). Proteins were eluted with eIF4E BB containing 0.2 mM m 7 GTP (eIF4E EB). When required, N-terminal tags were cleaved using a TEV protease digestion and removed from eIF4E recombinant protein size-exclusion chromatography using a Superdex 75 16/60 preparative column (GE Healthcare Bio-Sciences) previously equilibrated with eIF4E FPLC buffer (20 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.8, 150 mM NaCl, 5 mM TCEP). For eIF4E/m 7 GTP/4E-BP1 complex preparation, cells expressing eIF4E or 4E-BP1 were grown and harvested separately. Lysates were then mixed, and the recombinant protein complex was purified as described for eIF4E purification.
Limited Proteolysis, HPLC Purification, and Mass Spectrometry. The eIF4E/m 7 GTP/4E-BP1 purified complex was diluted to 0.15 mg/mL with PBS and incubated with subtilisin at an enzyme-to-substrate mass ratio of 1:50 at 37°C. The reaction was followed for 1 h. The digestion was quenched by the addition of 1 mM PMSF and analyzed by SDS/PAGE. Degradation products were further separated and purified by reverse-phase HPLC. Single peak fractions were pooled and subjected to micro capillary LC-MS/MS analysis using an Orbitrap mass spectrometer (Thermo Scientific) from the Taplin Mass Spectrometry Facility of Harvard Medical School (Fig. S2) .
Crystallization, Data Collection, and Structure Determination. The eIF4E Δ27 /m 7 GTP/4E-BP1 44-84 complex was purified as described above and passed over a Superdex 75 column previously equilibrated with a buffer containing 5 mM Tris·HCl (pH 7.5), 100 mM NaCl, and 1 mM DTT. Crystals grew at room temperature in reservoir buffer containing 0.1 M Tris·HCl, pH 8.4, and 22% (wt/vol) polyethylene glycol 4000. Crystals were flash frozen in reservoir buffer containing 10% (vol/vol) glycerol for data collection. The eIF4E/m 7 GTP/4E-BP1 complex crystallized in the P2 1 (P12 1 1) space group, with unit cell dimensions of a = 67.6 Å, b = 67.8 Å, c = 79.1 Å, α = γ = 90.0°, β = 112.4°( Fig. 1 and Table S1 ), and contained two copies of essentially identical complexes (rms = 0.309 over 2,523 atoms) within the asymmetric unit. X-ray diffraction data up to 2.1-Å resolution of the complex was collected at 100 K at the Northeastern Collaborative Access Team (NE-CAT) beamline ID-24E at the Advance Photon Source (Argonne National Laboratory). Diffraction data were processed with an HKL-2000 (www.hkl-xray.com) (46) , and the structure was determined by molecular replacement with PHASER (47) using eIF4E complexed to a 4E-BP1 peptide (PDB ID code 1WKW) as a search model. The model was built manually into density using COOT (48) (Fig. S3) . Backbone assignment. The backbone assignments of eIF4E and 4E-BP1, alone and in complex (eIF4E/4E-BP1), were done using the TROSY version of the traditional backbone triple resonance experiments, namely HNCA, HNCOCA, HNCO, HNCACO, HNCACB, and HNCOCACB. In addition, a 15 N dispersed NOESY-HSQC experiment was used to help with the assignment when necessary. The experiments on the protein complex were performed on samples where one of the partners was 15 N-and 13 C-labeled and the other was unlabeled. All NMR observable samples were deuterated, except for 4E-BP1 alone, where the sample was protonated. Nonuniform sampling in the two indirect dimensions was used to collect triple resonance data, where 12-15% of the indirect grid was sampled using Poisson gap sampling (53) . The data were reconstructed and processed using the hmsIST program (54) . Titration experiments. For titration experiments, 15 N TROSY-HSQC spectra were recorded for eIF4E/m 7 GTP/4E-BP1complexes at a concentration of 100 μM, where one of the 15 N-labeled partners was prepared as described above. The concentration of 4EGI-1 [E] isomer was gradually increased from 0.05 to 1 mM, giving a molar ratio of 0.5-10, relative to the protein concentration of the NMR sample (Fig. 4 and Fig. S8 ). Data were processed using NMRPipe (55) and visualized and analyzed using either CARA (cara.nmr.ch/doku.php) or Sparky (56) . Relaxation experiments. Relaxation times T 1 and T 2 and heteronuclear NOE were measured using an eIF4E/m 7 GTP/ 13 C-15 N-4E-BP1 sample. TROSYbased experiments were used for T 1 , T 2 , and heteronuclear NOE measurements. Inversion recovery delays used for T 1 experiments were 10, 20, 50, 100, 200, 300, 500, 800, 1,000, 1,200, 1,500, and 1,800 ms. For T 2 experiments, the relaxation delays were 20, 40, 80, 97, 114, 130, and 140 ms. A compensating Carr-Purcell-Meiboom-Gill (CPMG) block was applied to all of the T 2 experiments to ensure that the heating of all of the individual measurements was equivalent to that of the 140-ms experiment. Heteronuclear NOE experiments were performed when the saturation time was 2.5 s whereas the off-saturated time was 0 s. After data processing, peak intensities were extracted using Sparky (56), fitted to exponential decays, and transverse relaxation rates (R 1 , R 2 , and net NOE) were plotted in function of the residue number of 4E-BP1 (Fig. 1B) . Paramagnetic relaxation enhancement experiments.
15
N-eIF4E/m 7 GTP was expressed and purified over an adipic-agarose-m 7 GDP column and further purified over a Superdex 75 16/60 preparative column previously equilibrated with a PRE buffer (containing 20 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.8, 50 mM NaCl). All buffers used during protein purification for this set of experiments did not contain any reducing agents. 4E-BP1 fragments (44-87 WT, 44-87 C 62 A, and 44-87 C 62 A/I 78 C) were purified over Ni-NTA resin and followed by S75 size-exclusion chromatography, also eluted in a PRE buffer. Fractions corresponding to single elution peak were pooled and concentrated by ultrafiltration through a 4-mL, 3-kDa cutoff centrifuge filter to a final volume of 2.5 mL. MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) was dissolved in acetonitrile, added to the purified 4E-BP1 fragments (5-to 10-fold excess vs. protein concentration), and incubated at 4°C for 4 h. The 4E-BP1/MTSL samples were buffer exchanged over a PD-10 column (GE Healthcare) to fresh PRE buffer to remove any unreacted free MTSL. Purified
